New tetracyclic benzofurocoumarin (benzopsoralen) analogues were synthesized and their inhibitory effect on the growth of tumor cell lines was evaluated. The human tumor cell lines used were MDA MB231 (breast adenocarcinoma), HeLa (cervix adenocarcinoma) and TCC-SUP (bladder transitional cell carcinoma). The in vitro antitumor activity of the new benzopsoralens was discussed in terms of structure-activity relationship. Molecular docking studies with human-CYP2A6 enzymes were also carried out with the synthesized compounds in order to evaluate the potential of these compounds to interact with the heme group of the enzymes. The results have demonstrated that the linear compounds have the most pronounced activity against tumor cell lines and this might be related to the better accessibility that these compounds have to the active site in relation to the angular ones that have shown in the majority of the cases multiple binding poses in the active site of CYP2A6.
Introduction
Psoralens are natural products (linear furocoumarins) present in several plant families, which have been shown to possess a wide spectrum of biological activities including cytotoxic, phytotoxic, photosensitizing, insecticidal, and antibacterial to antifungal effects. [1] [2] [3] [4] Furthermore, psoralens have been suggested as potential therapeutics for the treatment of skin disorders (e.g. vitiligo, leukoderma and psoriasis), [5] [6] [7] [8] [9] cutaneous T-cell lymphoma, [10] [11] [12] autoimmune diseases 13, 14 and several types of cancer. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] An outstanding feature of psoralens is their ability to intercalate into dsDNA and create covalent cross-links primarily with thymidine residues. 1, 25 Crosslinking proceeds readily under photoactivation and potentially blocks DNA replication and transcription. Furthermore, psoralens are known to interrupt drug metabolism, especially by the inactivation of cytochromes P450 (CYPs); 13, 26 thus the P450 superfamily is suggested as one of the main drug targets. Human CYPs are a family of heme containing enzymes involved in the biotransformation of xenobiotics, as well as endogeneous molecules, and in the bioactivation of carcinogens. 9, 27, 28 CYP1A and CYP2B subfamilies are particularly important due to their capacity to 'activate' a broad variety of environmental contaminants leading to highly reactive metabolites that react with macromolecules such as proteins, lipids and nucleic acids. 29 The inhibition of CYP1A1 and CYP1A2 has been implicated in the antigenotoxic mechanism of several furocoumarins, such as bergamottin and naringin. 9, 30, 31 Psoralen and xanthotoxin (8-methoxypsoralen) can be oxidized at the furan ring to form a furanoepoxide that binds to CYP2B1. 32 In addition, xanthotoxin up-regulates CYP1A1 expression. 33 Psoralen can behave as a general competitor substrate or act as a suicide inhibitor reacting with the heme group of the P450 proteins, consequently inactivating them. 26, 34 Xanthotoxin, bergapten (5-methoxypsoralen) and psoralen were found to act as suicide inactivators of human-CYS2A6 protein in liver microsomes. 35 Also, bergapten was reported as a suicide inhibitor of human CYP3A4, and xanthotoxin was found to competitively inhibit a variety of drug metabolites catalysed by CYP3A4. 36 Several research groups are engaged in the synthesis and evaluation of biological properties of psoralen derivatives, 37, 38 including benzopsoralens. 39, 40 Previously in our group some psoralen type compounds were prepared and found to inhibit the in vitro growth of different human tumor cell lines. 41, 16 The angular compounds derived from dibenzofuran showed the most promising results. 41b, 16 In the current study, one linear analogue was prepared (compound 1, Fig. 1 ) and tested. Other compounds, derived from 2-hydroxycarbazole, were also synthesized, one of them linear (compound 2, Fig. 1 ), three others angular (compounds 4-6, Fig. 1 ) and their biological activity was determined. Furthermore, their binding poses in the active site of human-CYS2A6 enzymes were evaluated by molecular docking studies (see Fig. 2 ), in order to investigate their potential to interact with the heme group of the enzymes.
Results and discussion

Chemistry
Compound 1 was prepared, in 27% yield, from 2-hydroxydibenzofuran and ethyl 3-oxobutanoate by a Pechmann reaction (Scheme 1).
The NMR data are consistent with the proposed structure, namely the proton singlets of the coumarin ring at d (H) 6.47 (H-3) and 2.53 (CH 3 ) and the signal at d (C) 159.91 for the C@O group. The same compound was prepared before, by another approach. 42 The melting point given in the literature is lower (200°C) than that for our compound (247-249°C). The author describes the sample as an orange red powder and the coloured impurities may be the reason why its melting point is much lower than in our case. Compound 2 was synthesized by the same method starting from 2-hydroxycarbazole, with a 33% yield. In the 1 H NMR spectrum showed the characteristic signals for compound 2, including the expected singlets at d (H) 8.57 (H-5) and 7.38 (H-11).
The remaining compounds were obtained from 2-hydroxy-9H-carbazole-1-carbaldehyde 3 (Scheme 2 and 4-6) which was prepared in low yield (5%) by Reimer-Tiemann formylation of 2-hydroxycarbazole. The formation of this product was confirmed by 1 H NMR data, where the aldehyde proton appeared at d (H) Figure 2 . Molecular docking results of compounds 1, 2 and 4-6. The substrates are represented in bonds, the heme in ball and stick, and the protein in cartoon. The X-ray structure with bergapten bound in the active site has the PDB code 1Z11. 10.67 ppm, and H-4 and H-3 at 8.27 and 6.85, respectively, as doublets (J = 8.7 Hz). Compound 4 was prepared from the 2-hydroxy-9H-carbazole-1-carbaldehyde, 3, in 27%, by a Wittig reaction followed by closure to give the pyranone ring. The appearance of two new doublets in the NMR at d (H) 8.53 and 6.48 ppm for H-1 and H-2, respectively, agree with the structure.
Reaction of the same aldehyde with diethylmalonate (Scheme 2) gave the pyranocarbazole 5, with 38% yield. The NMR data were consistent with the proposed structure, namely the singlet at 9.26 ppm for H-1 and the signals for the ester group. Basic hydrolysis of the ester 5 gave the corresponding acid derivative 6 in quantitative yield.
Antiproliferative effect on human cancer cell lines
The ability of the compounds 1, 2 and 4-6 to inhibit the in vitro growth of MDA MB231, HeLa and TCC-SUP cell lines was evaluated and the results, given in concentrations that were able to cause 50% of cell growth inhibition (GI50), are summarized in Table 1 .
A great antiproliferative activity was observed for all the compounds even at the minimum concentration tested (0.5 lM). 
Molecular docking
The enzymes from the cytochrome P450 family are involved in the metabolism of several pharmaceuticals, carcinogens, and a large number of coumarin-type alkaloids. 45, 46 Regarding the nature of this work, CYP2A6 is of particular interest since it has been reported to metabolize indoles, as well as several coumarin analogues. 47, 48 For instance, bergapten is a potent inhibitor of CYP2A6 and contributes to cancer cell death and increased sensitivity to chemotherapy in several types of cancer, 49, 21 in vitiligo and psoriasis diseases. 5, 38, 50 The antiproliferative effect of bergapten has been demonstrated on several cancer cell lines, including B16F10 (melanoma cells), gastric adenocarcinoma (MK-1), breast cancer (MCF-7 and T47D), and hepatocellular carcinoma. 17, 19, 21, 49, 51 Likewise, bergapten's cytotoxic effect was shown against HeLa 51, 52 and MDA MB 231 19, 43, 44 cell lines, which are the ones under study in the present work. To date, no study has been reported on bergapten effects against TCC-SUP cells. Bergapten has a similar scaffold to the new tetracyclic coumarin derivatives that are studied in this work and only differ in the group that is attached to the coumarin ring, that is, it has a pyrrole instead of a furan ring attached to the coumarin. This signifies that the novel tetracyclic benzofurocoumarin analogues, described here, are good candidates to act as potential targets of this enzyme. The co-crystallized X-ray structure of bergapten in CYP2A6 (PDB code 1Z11) reveals that the substrate fits very well in the narrow binding site. The active site is formed by a cluster of phenylalanine residues (Phe107, Phe111, Phe108, Phe209 and Phe480) that line the 'roof' of the active site and by the presence of a single polar residue, Asn297 (Fig. 2) . It is suggested that Asn297 influences sub- strate orientation, and metabolism, and therefore might be critical for substrate recognition and binding. [53] [54] [55] Indeed, mutations of this residue often lead to dramatic changes in the kinetics of the reaction that is catalysed by this enzyme. 56 The molecular docking results undertaken in this study have shown that all the studied compounds bind in the same region of the protein nearby the heme and similarly to what is observed with the bergapten inhibitor in the X-ray structure 1Z11 (Fig. 2) . The molecular docking results with compounds 1, 2 and 4 have only provided one binding pose, whereas compounds 5 and 6 have systematically provided two similar binding poses. This effect seems to be related with the presence of the bulky ester groups attached to C-3 of the coumarin ring that influences the binding mode of these compounds. Interestingly compound 4, which has the same scaffold of these two compounds but without any group attached to C-3 of the coumarin ring has only one binding position. The binding poses of compounds 4, 5 (solution B) and 6 (solution B) are the closest ones to that observed with the bergapten inhibitor, in which the C@O group interacts very closely with Asn297 (3.15 Å) and carbon C-9 points towards the iron ion of the heme co-factor (3.62 Å). The other binding position of compounds 5 and 6 (5A and 6A) have the NH group pointing towards Asn297 (2.45 and 3.65 Å, respectively) and the groups that are attached to carbon C-3 interacting very closely to the iron ion (2.19 and 2.55 Å, respectively). Regarding the antiproliferative effect on human cancer cell lines, compounds 5 and 6 are in the majority of cases worse inhibitors in relation to the other studied compounds, with the exception of the TCC-SUP cell-lines. Compound 4 systematically shows better or comparable results in most cell lines, when compared with compounds 5 and 6. This suggests that in the latter cases, the worst inhibitory potency can be related with the lack of accessibility to the active site, due to the presence of bulky groups attached to the coumarin moiety and/or the competitive binding mode that was observed.
The compounds 1 and 2 have the same scaffold and differ only in the nature of the system that is attached to the coumarin moiety, that is, a benzofuran or an indole, respectively. The docking results have only shown one binding pose and it closely resembles what is observed with one of the solutions of compounds 5 and 6 (solutions 5A and 6A), that is, with the C@O group of the coumarin moiety interacting very closely with the iron ion of the heme cluster, instead of with Asn297 (2.3 Å and 2.4 Å, respectively). However, the results of the antiproliferative effect of the linear 1 and 2 are better than the compounds 4-6. This might be related with the better accessibility of these compounds to the active site in relation to the other ones. The only exception refers to the celllines TCC-SUP in which the angular compounds 4-6 gave better results than the linear ones. It is important to notice that in the case of TCC-SUP cells, the GI50 values obtained were very low and similar among each other for compounds 4-6, thus the differences observed are not statistically significant, that is, all the compounds performed equally well in inhibiting the cancer cells proliferation.
The results also indicate that with the exception of the TCC-SUP cells, compound 1 has better inhibitory potency than compound 2. Taking into account the similarity between their structures, these results suggest that the presence of the pyrrole ring instead of the furan fused to the coumarin moiety tend to decrease the inhibitory efficiency of these compounds. This is in line with all the other pyrrole derivatives that show lower inhibitory properties in the majority of the studied cell lines.
Conclusions
Four new tetracyclic benzopsoralen analogues were synthesized and their biological activity tested. All the compounds were found to significantly inhibit the proliferation of three human tumor cell lines, which we hypothesize to be mainly associated with the ability that these compounds present to inhibit CYP2A6.
The molecular docking results showed two types of binding poses in all the studied compounds. Compounds 1 and 2 bind to the active site with the carbonyl group of the coumarin moiety pointing towards to the heme cofactor. This is only possible because of their linear shape that allows them to interact very closely with the iron of the heme (average distance of 2.2 Å).
In compounds 4-6, the carbonyl group of the coumarin moiety interacts very closely with Asn297 residue through a hydrogen bond. Such binding pose is very similar to what is observed with bergapten (in the bound X-ray structure with the PDB code 1Z11) in which the NH group of the indole ring was found to be responsible for establishing a similar interaction (compounds 4-6). However, these compounds do not interact very closely with the heme cofactor as it is observed with compounds 1 and 2 (average distance of 3.1 Å).
The molecular docking have also shown that compounds 5 and 6 have another binding pose in the active site that is very similar to the one that was obtained for compounds 1 and 2 (but not so close to the heme co-factor-average distance of 2.9 Å). These results suggest that the presence of bulkier groups at position 2 and 3 of the coumarin moiety preclude or difficult the binding pose of these compounds in the active site and to acquire a similar orientation in relation to what is found with bergapten. The only compound where this effect is not observed is with compound 4 that does not contain any substituent on the coumarin moiety. This suggests that the presence of bulkier groups in the coumarin moiety may be a preponderant factor for the different binding poses of these compounds as compared to what is observed with bergapten. Interestingly, these compounds are the ones whose binding position is closer to the heme cofactor and therefore more prone to interact with it.
The comparison of the binding pose of the compounds 1, 2 and 4-6 in the active site of CYP2A6 and the in vitro antitumor activity of the studied compounds clearly show that the linear ones, in particular the compound 1, present the most pronounced activity against tumor cell lines except for TCC-SUP. The molecular docking results suggest that the inhibitory efficiency of the linear compounds is related to the better accessibility that these compounds have to the active site in relation to the angular ones.
The results gathered in the current study demonstrate the reactivity of the new psoralen analogues with CYP2A6, an enzyme that has been related with the bioactivation of carcinogens. Therefore, these novel compounds present a high potential as antitumor agents.
Experimental
Chemistry
Melting points were determined on a Gallenkamp melting point apparatus and are uncorrected. 1 H NMR (300 MHz) and 13 
2-Hydroxy-9H-carbazole-1-carbaldehyde (3)
A mixture of 2-hydroxycarbazole (0.20 g, 1.09 mmol), H 2 O/ EtOH (9:1) (6 mL), NaOH (0.40 g, 10.0 mmol) and CHCl 3 (0.48 mL) was heated at 60°C for 5.5 h. After cooling the reaction mixture was extracted with EtOAc (3 Â 5 mL) and the combined organic layers were dried (MgSO 4 ), filtered and the solvent evaporated to dryness. A yellow solid was obtained and purified by CC (SiO 2 , light petroleum/diethyl ether, gradient, 100 ? 70%) (9.7 mg, 0.05 mmol, 5%). Mp 219-223°C (lit. 4.1.6. 3,11-Dihydro-3-oxopyrano[3,2-a]carbazole-2-carboxylic acid (6) To a solution of the above ester 5 (0.137 g, 0.45 mmol) in hot EtOH (40 mL), aq NaOH (1 M) (1.34 mL, 1.34 mmol) was added and the mixture stirred at 60°C for 4 h. After removal of the EtOH, a solid was obtained which dissolved after addition of water; this solution was cooled and acidified with aq HCl (10%). A brown solid separated which was filtered and dried (0.122 g, 0.43 mmol, 96%). Mp 312-315°C. 
Tumor cell growth assay
The compounds were evaluated for their antiproliferative effect on human cancer cell lines MDA MB231 (breast adenocarcinoma), HeLa (cervix adenocarcinoma) and TCC-SUP (bladder transitional cell carcinoma). The MDA MB231 epithelial cell line was established from a pleural effusion obtained from a 51-year-old female patient with breast cancer. The HeLa cell line was established from the epithelioid cervix carcinoma of a 31-year-old woman; later diagnosis changed to adenocarcinoma. The TCC-SUP cell line was established from a tumor specimen resected from the urinary bladder transitional cell carcinoma (undifferentiated, grade IV) of a 67-year-old woman. All the cell lines were kindly provided by IPATIMUP (Portugal). The cells were maintained in an incubator with a 5% CO 2 atmosphere and at 37°C. The culture medium used was the Dulbecco's modified Eagle medium (DMEM) (GIBCO Ò , Invitrogen, Barcelona, Spain) supplemented with 10% of Fetal Bovine Serum (FBS) (GIBCO Ò , Invitrogen, Barcelona, Spain) (except for TCC-SUP cell line for which 15% FBS was used) and 1% of penicillin/streptomycin (Invitrogen, Barcelona, Spain).
Cell viability
Cells were exposed to five concentrations of compounds starting from a maximum concentration of 75 lM. Compounds, pre- Cell Proliferation Assay reagent (MTS) was added to each well and left in the incubator (37°C, 5% CO 2 ) for 2 h after which the cell viability was quantified by recording the absorbance at 490 nm. For each test compound and for each cell line a dose-response curve was generated and the growth inhibition of 50% (GI50), corresponding to the concentration of compound that inhibits 50% of the cell growth was determined. The results are expressed as percentage of viable cells compared to the control and represent an average of 3 independent cultures with 4 wells per concentration in each experiment.
Molecular docking
All the compounds were studied using the molecular docking software AutoDock 57 and the vsLab plug-in. 58 The structure of the receptor was built from the PDB structure 1Z10 containing the Human Microsomal P450 2A6. The ligands were built with GaussView, protonated at physiological pH and optimized with gaussian09 (Hartree-Fock/6-31G(d)). In the docking process we used the Lamarckian genetic algorithm (LGA). The number of generations, energy evaluations, and docking runs were set to 370,000, 1,500,000, and 50, respectively. The types of atomic charges were taken as Kollman for the receptor. The charges of the ligands are the Merz-Kollman type of charges that were calculated using the Gaussian software. The final solutions were retrieved from the molecular docking process according to the criteria of interacting energy.
